Studying the freezing of saltwater is of fundamental importance for improving methods of acquiring fresh water from seawater via cryo-desalination, as well as for modeling artic ice and iceberg dynamics due to climate change. Here, we probe with x-ray diffraction the freezing process in NaCl solutions for different salt-water concentrations, ranging from seawater conditions to brine. A simple linear superposition model can well reproduce brine rejection due to ice Ih formation and we quantify the relative ratio between the brine and ice. In addition, we perform molecular dynamics simulations to model the formation of NaCl crystallites and we observe signatures of ion-water cross-correlations due to ion inclusion within the ice Ih lattice evident in the diffraction pattern. This study demonstrates a sensitive method of detecting salt trapped inside the ice in the form of crystallites and can provide valuable insight to improve desalination efficiency from a molecular perceptive.
I. INTRODUCTION
Water is the most abundant liquid on earth and is known for its importance in many chemical, biological and geological processes, but also for its many unusual thermodynamic and structural properties [1] [2] [3] [4] . Despite being one of the most studied liquids, understanding the role of water in biochemical systems continues to be a great challenge 5, 6 . It should be noted that most of the water found in nature has a considerable amount of salt, since approximately 96.5% of the earth's water is within the ocean 7 . From a fundamental perceptive, understanding the solvation structure and dynamics of water molecules in the proximity of salts, can have a very broad implications, ranging from biochemical applications to atmospheric science modeling [8] [9] [10] [11] . Among the salts found in seawater, sodium chloride (NaCl) in the main ionic component.
Seawater forms ice upon cooling, which covers up to 12% of the surface of the oceans 12 . Understanding the freezing process of seawater is very important for modeling the arctic ice dynamics that influence oceanic circulation and climate change. The freezing temperature of the salt solution is lowered upon increasing NaCl concentration and thus the region where water can be supercooled is extended 13 . By using salt solutions one can study the properties of water in the deeply supercooled regime [14] [15] [16] [17] [18] , as ions can prevent crystallization, which can lead to the observation of a liquid-liquid transition in supercooled aqueous solutions 19 . When the freezing process of such solutions takes place, the salt ions are rejected from the solid phase, due to the preferential formation of pure ice. As a result the remaining liquid phase turns into what often is referred to as brine, which is liquid water saturated with salt 20, 13 . This phenomenon, called brine rejection, ultimately leads to separation of salt from ice formed during the freezing process. Brine rejection taking place in freezing sea water triggers massive oceanic flow which influences the circulation of the high-latitude ocean and thus affects the global climate 21, 22 . This physically induced seawater desalination process depends on the age of the ice, the salt concentration of the and the temperature upon freezing 23 . Probing on a molecular level the interactions of water with ions and the water-salt separation induced through crystallization can facilitate the development of effective methods for acquiring fresh water from seawater via desalination. The salting-out occurring due to freezing is one of the basic mechanisms in cryo-desalination, also known as freezing-melting desalination [24] [25] [26] . The main challenge is the ice-brine separation, i.e. the separation of salt from crystalline ice due to the formation of polycrystalline micro-domains forming upon crystallization.
Brine rejection is apparent in sea ice and influences its mechanical, electromagnetic and transport properties 27 . It has been shown that in sea ice brine rejection occurs through brine channels, that are liquid conducts extending through the ice. 27 The diameter of the channels forming and thus the quantity of the salt rejected, depends on the freezing temperature 28 . It is often assumed that the salt does not enter the crystal structure but that the salt molecules are being expelled and collected within the brine solution that forms the channels 29 . Experiments indicate that frozen NaCl solution can form different NaCl crystal phases 30, 31 . In addition, theoretical investigations indicate that on a molecular level brine rejection progresses through a disordered layer with fluctuating ion density, followed by a neat ice layers 32 . Recent simulations further indicate that salt is included in the ice lattice as dopant, with Cl -ions having higher probability of inclusion than Na + ions 33, 34 . Furthermore, in the case of homogeneous nucleation of salty water, the nucleation rate decreases with addition of salt 18 . The physics of salt water freezing is portraited by the temperature-concentration phase diagram, depicted in Fig. 1 . The salt solution is in liquid form at temperatures above the melting point and low concentration of NaCl, whereas as upon increase of salt concentration beyond saturation initiates the formation of NaCl crystals. Upon decreasing temperature, ice formation occurs leading to brine rejection, which coexists with the ice crystals. The three phases meet at the so called eutectic point of NaCl 35 located at a concentration of 3.99 M (23.3% m/m) and a temperature of -21.1°C. Upon further cooling, the salt solution crystallizes and it is commonly assumed that they are constituted of a mixture of salt and ice crystals. In this work, we investigate both experimentally and theoretically the crystallization of NaCl aqueous solutions and the brine rejection process using X-Ray Diffraction (XRD) for different temperatures and NaCl concentrations, across the phase diagram. A model is devised based on a linear superposition of saltwater, ice and salt crystals. Even though the model quantitatively reproduces the brine and ice coexistence, it does not capture the regime where ice and salt crystallites coexist and, in particular it does not predict all peaks observed in the diffraction pattern. The analysis is complemented by molecular dynamics (MD) simulations and the radial distribution functions are calculated for both water-water, water-ion and ion-ion correlations. The MD simulations indicate that the additional peaks in the XRD pattern not predicted by the simple linear model arise from ion-water interference during the formation of salt crystallites and from ions enclosed in the ice lattice. As a result, the combination of the linear model with the MD simulations provide a molecular insight to the brine rejection mechanism investigated by XRD and allows us to estimate the cryo-desalination efficiency.
II. METHODS

A. Experimental methods
The NaCl aqueous solutions were prepared at different concentrations using the mass percent solutions (m/m). The NaCl solute employed was laboratory-grade reagent purchased by Sigma Aldrich and used without further purification in combination with MilliQ water. Each sample of different mass concentration was inserted in a quartz capillary (diameter 1mm, wall thickness 10 μm) and sealed with capillary wax. An X-ray diffractometer Bruker D8 VENTURE was used for the diffraction data using a Molybdenum source (λ = 0.7107 Å). An identical protocol was applied for all NaCl solutions measured at several temperatures and concentrations. The temperature was regulated by a cryo-steam driven by liquid nitrogen at the sample position.
B. Molecular dynamics methods
We performed molecular dynamics (MD) simulations using the GROMACS package 36 (ver. 5.1.4), to investigate the exclusion of ions from a growing ice crystal. We used the OPLS force field 37 for sodium and chloride ions together with the TIP4P model of water 38 . All simulations were run with NH2O = 13824 TIP4P molecules and NCl-= NNa+ = 100 sodium and chloride ions, respectively, corresponding to an aqueous NaCl solution at a concentration of about 2.3 % (m/m) at temperatures of T = 220 Κ. The melting temperature of the TIP4P model of water has previously been determined 45 to be Tm = 232 ± 5 K and the simulation temperatures thus correspond to temperature differences from the melting point of pure TIP4P water of about ∆T = T -Tm = -12 K at ambient pressure. Ice growth was initiated with an ice seed if Nseed=3456 molecules corresponding to crystal with dimensions of anout 5.40nm × 4.65 nm × 4.39 nm. The simulations were run in the NPT ensemble using the Bussi thermostat 39 and the Berendsen barostat 40 with semi-isotropic pressure coupling (px = py ≠ pz) to fix the rectangular geometry of the simulation box about (5.40 × 4.65 × 17.59) nm. Coulomb interactions were treated using the particle-mesh Ewald method and real space Coulomb, whereas van der Waals interaction were taken smoothly to zero between 0.87 and 0.9 nm. In addition, we used dispersion corrections and simulations were run for tsim = 1 μs at a time step of ∆t = 2 fs (Fig.2) . 
III. RESULTS
A. Experimental results
X-ray diffraction scattering patterns were obtained for a series of salt solutions, as well as for pure water and pure NaCl crystals. The XRD patterns obtained at temperatures T = 293 K, T = 260 K and T = 230 K and concentration 0.86 M (5% m/m), shown in Fig.3 . At T = 293 K, the scattering pattern is uniform and broad, indicative of the sample being in liquid form, i.e. salt water. At T = 230 K the appearance of sharp Bragg peaks indicates a crystalline structure arising from ice Ih and salt crystals. At the intermediate temperature T = 260 K, the scattering pattern exhibits coexistence of the liquid and crystalline forms manifested during the brine exclusion process. These three distinct structures observed correspond to different areas of the phase diagram presented in Fig.1 . Fig. 4 . Upon increasing concentration in the liquid at 293K shown in Fig.4A the first diffraction peak shifts and becomes less structured, in agreement with previous investigations 41, 42 . This change in the scattering pattern is indicative of the influence of salt on the structure of the hydrogen bond network, seen also by X-ray Absorption Spectroscopy 43 and Small-Angle X-ray Scattering 44 . The scattering intensity at T = 260K shown in Fig.4B , corresponds to ice Ih coexisting with brine. In this condition, it is evident that the intensity of the peaks depends strongly on the concentration of salt and one can observe a decrease in the peak intensity with increasing salt concentration. This is due to the fact that by changing the amount of salt present in the solution, one effectively changes the relative ratio of ice and brine, while the total scattering intensity is conserved. For lower salt concentrations, the solution consists mainly of ice Ih, results in sharp Bragg peaks, whereas upon increasing salt concentration the relative amount of brine increases, seen by the broad peak located at Q = 2.1 Å -1 . For temperatures below 230 K the sample crystallizes completely and consists presumably of a mixture of ice Ih and salt crystals, as can be seen in Fig.4C for different salt concentrations. Interestingly, upon increasing concentration, we observe the appearance of two new peaks at the lower momentum transfer region Q = 1.11 Å -1 and Q = 1.278 Å -1 . The scattering pattern exhibits sharp Bragg peaks at this length scale, which are distinct from those present in the crystalline structure of ice Ih and the NaCl crystals. 
B. Simulation results
Snapshots of the simulation at different times of the trajectory at T = 220 K are shown in Fig. 5 . The Na + ions are denoted by dark blue spheres and Cl ions by turquoise spheres. Initially, the simulations were seeded with a slab of pure ice Ih with the basal plane exposed to the NaCl liquid solution (t = 0 ns). Ice growth dynamics presented equilibrated up to 1 μs (Fig. 2) . The crystallization rate is in the order of 20 nm/μsec at 220K and most of the ions "pushed" into the liquid form via brine exclusion. However, a small fraction of ions trapped inside the ice lattice, consistent with previous MD simulations 33 where it was seen that more Cl -is incorporated in the lattice than Na + . From the initial 200 ions, we observe that 19 are enclosed on the ice Ih lattice, 7 of which are Na + . Despite, the limited statistics one can estimate that the ion concentration in ice due to inclusions is in the order of 0.5% m/m. This value is significantly reduced from the initial concentration 2.3% m/m, and near the standard salinity limits fresh water, which is typically 0.1% m/m for drinking water and 0.5% m/m for agricultural use. The potential energy of the system (Fig.2) decreases rapidly upon ice growth and the decrease slows down at about 350 ns, when the salt concentration has reached sufficiently high values to prevent the liquid from further freezing. After this point, we observe the formation of small salt crystallites in the remaining liquid. 
IV. DISCUSSION
In order to quantify the underlying contributions to the XRD diffraction pattern we construct a simple model comprising of a linear combination of the different components of each part of the phase diagram. One of the limitations of the model is that we use the NaCl aqueous solution at T = 293 K, whereas the data is taken at T = 250 K, which can introduce a shift in the first diffraction peak. An additional limitation of this approach is that this model does not include any interference (cross-terms) between the ice Ih and the brine, as the XRD pattern is the linear superposition of contributions arising from the two components. Despite those limitations, the model seems to capture all the diffraction peaks observed experimentally in the case of ice and brine coexistence (Fig. 6A ). A similar approach is used for the data at T=230K, consisting of crystalline salt and ice Ih. In this case we recorded separately the NaCl powder (Fig.6 B - These new features indicate that in this region of the phase space, the system cannot be described through a simple superposition of salt crystals and ice Ih regions. Interestingly the peak position does not change with concentration and we only observe changes in the peak amplitude. The model does not contain any information about the water-salt interaction upon crystallization, that could lead to the observed peaks. Additionally, in the modeled XRD pattern the interference between water and salt is not included, which could also lead to additional contributions in the scattering intensity. Such interference could arise the presence of salt inside the ice lattice or the between small salt crystallites and the surrounding water.
In order to further investigate the origin of the observed scattering components we utilize the MD simulations to calculate the radial distribution function g(r) shown in in Fig. 7 . Here a distinction is made between the self-correlations of the different atoms ( Fig.7A and Fig.7B ), such as the O-O, ClCl and Na-Na, with the corresponding cross-correlations ( Fig. 7C and Fig.7D ), such as Na-Cl, O-Cl and O-Na. The self-correlations are to some extent included in the model, as they consist mainly of water-water and ion-ion correlations. However, the MD simulations capture the formation of small salt crystallites due to the interactions with the surrounding water, as shown in Fig.5 . The O-O radial distribution function g(r) resembles that of ice Ih, with the addition of disorder due to the water-brine interaction. Both the Cl-Cl and Na-Na correlations exhibit a peak at r = 4Åwhich is consistent with the atomic spacing at NaCl crystals where the FCC lattice spacing is d = 5.64Å, and the shortest Cl-Cl and Na-Na distance is d/√2. The Na-Cl contains a dominating peak at r = 2.8Å and in addition two peaks at r = 4.9Å and 6.35Å which correspond to the second and third Na-Cl in the salt crystal lattice.
The ion-water cross-correlations in the radial distribution function g(r) contain information about the additional peaks not captured by the linear superposition model (Fig. 7D) . Here, one can clearly distinguish between the O-Cl and O-Na components, which is consistent with previous calculations in NaCl aqueous solutions 15, 47 . One can understand these contributions as coming from an isolated ion ion (Na + or Cl -) surrounded by water molecules. The first peak reveals the first neighboring water molecules around the ion, which in the case of Na-O corresponds to distances of 2.45 Å and for Cl-O 3.18 Å. This difference is understood simply by the influence of the positive charge of the Na + which attracts the oxygen, carrying a negative partial charge, and induces a major rearrangement of the hydration shells resulting to more packed local structure. In the case of Cl -negative charge repels the surrounding oxygens and resulting in larger interatomic distances, which can also be affected by the larger ionic radius of Cl -(1.67 Å) in comparison to Na + (1.16 Å). It was previously found that upon freezing the Cl -ions are most favorably incorporated in the ice lattice by replacing two water molecules 33 . Thereby the ions included in the ice lattice will occupy fixed positions upon growth, imposed by the lattice symmetry and therefore the ion-water cross-correlation signal will be amplified. This is consistent with the hypothesis that the ion-water cross-correlations in the radial distribution function are responsible for the additional peaks observed in the diffraction pattern, that are not captured by the simple linear superposition model. From the MD simulations we can separate the O-Cl and ONa contributions, that give rise to distinct diffraction peaks in the XRD pattern due to the different characteristic lengthscales observed in the cross-correlation part of the radial distribution function g(r). 
VI. CONCLUSIONS
In summary, we have investigated the crystallization of NaCl aqueous solutions using XRD for different temperatures (293 K to 100 K) and NaCl concentrations (0.86 M, 1.71 M, 2.57 M, 4.28 M). The brine rejection mechanism is discussed and we observe that a model consisting of a linear combination of the X-ray diffraction intensity of ice Ih crystals and NaCl aqueous solution reproduces well the experimental data and allows us to experimentally quantify the relative ratio between ice and brine at each condition. In addition, the regime where ice Ih coexist with NaCl crystals is analyzed. In this case a model consisting of two components, ice Ih and NaCl crystals, does not reproduce the observed diffraction pattern, which features additional peak contributions. In order to identify the origin of those additional components, we performed MD simulations of the NaCl aqueous solution crystallization process, using the OPLS force field 37 for sodium and chloride ions together with the TIP4P model of water 38 . The simulation results were analyzed in terms of radial distribution functions disclosing for both water-water, water-ion and ion-ion correlations. The analysis indicates that the additional peaks in the XRD pattern arise from the ion-water cross-correlation during the formation of salt crystallites and from ions enclosed in the ice lattice. Furthermore, from the simulations we can estimate the ion concentration trapped inside the ice is approximately 0.5% m/m. This value is reduced significantly from the initial NaCl concentration 2.3% m/m and is on the fresh water salinity limit, which is typically in the order of 0.1% m/m for drinking water and 0.5% m/m for agriculture. The present investigation can give a valuable insight into the limitations of desalination based on freezing of salt solutions [24] [25] [26] by providing a sensitive detection method of the ions trapped inside ice in the form of crystal impurities. One of the future investigations would be to study the desalination efficiency dependence on the nucleation rate, which from the current simulations is estimated to be in the order of 20 nm/μsec at 220K. It will be also interesting to spatially resolve spatially these defects by utilizing a nano-focus x-ray beam and quantify the size of the formed salt crystallites. Furthermore, it would be fascinating to probe the freezing in-situ with XRD, following the water-salt separation with nanosecond resolution. One can achieve this by utilizing the novel x-ray free-electron lasers with high repetition rate, and thereby follow this process in real time and probe the dynamics with femtosecond resolution 48 .
